Abstract The article reviews the background and current status of pretargeting for cancer imaging and therapy with radionuclides. Pretargeting procedures were introduced f20 years ago as an alternative to directly radiolabeled antibodies. Because they were multistep processes, they were met with resistance but have since progressed to simple and improved procedures that could become the next generation of imaging and therapy with radionuclides. The separation of the radiolabeled compound from the antibody-targeting agent affords pretargeting procedures considerable flexibility in the radiolabeling process, providing opportunities for molecular imaging using g-or positron-emitting radionuclides and a variety of h-and a-emitting radionuclides of therapeutic applications. Pretargeting methods improve tumor/ nontumor ratios, exceeding that achieved with directly radiolabeled FabV fragments, particularly within just a few hours of the radionuclide injection. In addition, tumor uptake exceeds that of a FabV fragment by as much as 10-fold, giving pretargeting a greatly enhanced sensitivity for imaging. Advances in molecular biology have led to the development of novel binding proteins that have further improved radionuclide delivery in these systems. Studies in a variety of hematologic and solid tumor models have shown advantages of pretargeting compared with directly radiolabeled IgG for therapy, and there are several clinical studies under way that are also showing promising results. Thus, the next generation of targeting agents will likely employ pretargeting approaches to optimize radionuclide delivery for a wide range of applications.
Radiation continues to play an integral role in the management of cancer, from the use of X-rays and computed tomography for detection to the use of external beam and interstitial radiotherapy (brachytherapy and rapid interstitial therapy) for treatment. Nuclear medicine, which involves the use of internally administered radionuclides, traditionally has played a minor role in the management of cancer, initially relying primarily on the use of [ 67 Ga]citrate for lymphoma imaging and 131 INa for thyroid cancer treatment. However, with the advent of positron emission tomography and [ 18 F]deoxyglucose, and thanks to the development of new antibody-guided therapeutics for non-Hodgkin's lymphoma and emerging peptide-targeted therapeutics, the role of nuclear medicine in the management of cancer is increasing (1, 2) .
Except for 131 INa and radionuclides used for palliation of bone pain that are selectively taken up by their respective tissues, the specificity for cancer of internally administered radionuclides depends on its coupling to a targeting compound. For example, [ 18 F]deoxyglucose is concentrated in cancers because they are more metabolically active than most other cells in the body and therefore will accrue more deoxyglucose than surrounding cells. Antibodies have been one of the most commonly used targeting agents, with an extensive history spanning over 50 years (3) . During this time, there has been substantial progress in identifying new cancer markers and in applying molecular biology and engineering to improve the design, affinity, and reduced immunogenicity of antibodies used in targeting (3) . However, the direct attachment of a radionuclide to the large IgG molecule can limit both imaging and therapeutic applications. With a molecular weight of 150,000 Da, IgG clears slowly from the blood. Slow blood clearance has been identified as a major impediment for tumor localization, with preclinical and clinical studies showing that visualization was only possible if imaging were delayed for f7 days or if blood-pool activity was subtracted from the images (4, 5) . For therapeutic applications, the slow clearance of radioactivity from the blood continually exposes the red marrow to radiation, resulting in dose-limiting myelotoxicity. Whereas the radiation-absorbed dose delivered at the maximum tolerated dose for radiolabeled IgG is sufficient to result in clinically significant antitumor effects in non-Hodgkin's lymphoma, for solid tumors the total radiation dose will likely need to be increased by at least 2.5-fold what is achieved currently with the maximally administered activities. A variety of techniques, including using smaller antibody fragments (6) or of clearing methods, such as a second antibody (7) or extracorporeal immunoadsorption (8, 9) , have been applied to reduce the amount of radiolabeled antibody from the blood, thereby permitting higher administered activities, but each of these methods has certain limitations. For example, by accelerating the blood clearance, the proportion of radioactivity delivered to the tumor [i.e., percent injected dose per gram (%ID/g)] is lowered substantially with antibody fragments. Although the administered activity is increased, it is not always possible to compensate for the proportional loss in uptake and increase the total amount of radioactivity delivered to the tumor. In addition, when coupled to a radiometal, antibody fragments <60,000 Da can have as much as 10 to 20 times more radioactivity retained in the kidneys than in the tumor (10) . Because radioiodine is not retained by the kidneys, antibody fragments may be restricted to using radioiodine, although there have been reports of successful therapy with antibody fragments radiolabeled directly with radiometals (11) .
Rather than directly coupling the radionuclide to an antibody or its fragments, pretargeting methods that separate the antibody from the radionuclide targeting seem to address many of the limitations of the direct approach by (a) using smaller molecular weight carriers for the radionuclide that are rapidly cleared from the blood (within minutes) and body; (b) allowing the radionuclide carrier to be more easily radiolabeled with any number of radionuclides to a high specific activity and without compromising binding; (c) targeting the same or even higher levels of radioactivity to tumors as with a directly radiolabeled IgG; (d) affording extremely rapid tumor uptake (within minutes), thereby increasing the radiation-absorbed dose rate to the tumor; (e) significantly increasing tumor/nontumor ratios with tumor uptake exceeding activity in the blood by as much as 10:1 or more within 1 hour; and (f) reducing the amount of radioactivity in the kidneys 10-to 20-fold over that seen with a radiometal-labeled antibody fragment.
The concept of separating the radionuclide from the antibody as a means of targeting radionuclides was first proposed by Reardan et al. (12) , who, after showing that specific antibodies could be prepared to metal chelates, proposed that it might be possible to prepare antibodies with dual specificity to tumorassociated antigens and to the metal chelate. This novel concept essentially set the stage for the development of pretargeting strategies based on bispecific antibodies (13 -15) but also spawned the development of another innovative pretargeting strategy that used streptavidin or avidin in conjunction with biotin (16) . In addition to radionuclides, antibody-directed enzyme-prodrug therapy (17) is another form of pretargeting that itself has been responsible for generating several new pretargeting initiatives, such as gene-directed enzyme-prodrug therapy (18) , polymer-directed enzyme-prodrug therapy (19) , and antibody-targeted, triggered, electrically modified prodrugtype strategy (20) .
At the core of all pretargeting systems is the minimum requirement for a two-component targeting system. The first component given is not tagged with a radionuclide, but instead has the primary purpose of (a) seeking out and binding to a unique binding site (e.g., tumor-associated antigens) and (b) having the capacity to also bind the small molecular weight carrier on which the radionuclide is attached. Thus, the primary targeting agent and the radionuclide must share a common recognition system. Nature is replete with a variety of recognition systems, such as enzyme-substrates (used by the prodrug pretargeting methods), receptor-ligand, and antibodyhapten (such as antimetal chelate antibodies and chelates loaded with radiometals) that could be used for this purpose. However, because the recognition system must have a restricted expression in normal tissues, this has greatly limited the use of many naturally occurring recognition systems to the extent that, for radionuclide targeting, there are currently two pretargeting models that have been extensively examined, but there is also a third model currently under investigation. One model relies on the ultra-high affinity of streptavidin for biotin. This model, first introduced by Hnatowich et al. (16) , can be depicted in several ways, but two configurations have been reported most frequently. In one approach, commonly called a two-step method ( Fig. 1) , streptavidin is coupled to an antitumor IgG (streptavidin-IgG) making a f210-kDa conjugate. Streptavidin (bacterial origin and nonglycosylated) and avidin (primarily derived from hen eggs and glycosylated) are composed of four subunits, with each subunit capable of binding a single biotin with a dissociation constant of f10 À15 mol/L (f6 logs higher than most antigen-antibody interactions). The unlabeled streptavidin-IgG is administered first, and then once it has achieved a maximum uptake in the tumor (e.g., 1-3 days), radiolabeled biotin is administered. Because the streptavidin-IgG clears so slowly from the blood, if given at this time, the radiolabeled biotin would bind to the streptavidin-IgG in the blood and tissues, preventing a sizeable portion of the radiolabeled biotin from reaching the tumor. Indeed, with such a high affinity for biotin, even a small amount of conjugate in the blood and tissues would bind the biotin irreversibly. The solution to this dilemma was to have an agent that could quickly remove the conjugate from the blood once it had achieved maximum tumor uptake. The first agent developed for this was a conjugate composed of human serum albumin coupled with biotin that would not only serve as the recognition unit to bind the streptavidin-IgG but also could simultaneously block subsequent biotin binding. To prevent the human serum albumin-biotin conjugate from competing for the radiolabeled biotin's binding to the streptavidin-IgG localized in the tumor, galactose was coupled to human serum albumin-biotin conjugate so that it would be readily recognized by hepatocytes and removed from the blood (21) . Thus, this two-step method incorporates an additional step to remove the streptavidin-IgG conjugate from the blood before administering the radiolabeled biotin. A period of several hours, but typically 1 to 2 days, is given to allow for the streptavidin-IgG clearance to occur before the radiolabeled biotin is given. As mentioned earlier, a prerequisite for pretargeting is that the recognition system must not be prevalent in critical normal tissues. Biotin is quite abundant in normal tissues, because it is an essential cofactor for several enzymes (22) ; thus, a streptavidin-IgG conjugate can be predisposed to the binding of endogenous biotin before the radiolabeled biotin is given (23) . Fortunately, levels of free biotin in humans have been reported to be lower than in many other animals (24) ; thus, the level of biotin binding by a streptavidin conjugate does not seem to be compromised in patients (23, 25) ; however, mice have substantial stores of assessable biotin, making it necessary when examining streptavidin-IgG conjugates to place mice on a biotin-deficient diet for several days before administering the conjugate to optimize tumor localization of the radiolabeled biotin (26) .
The other variation of the streptavidin-biotin pretargeting systems (Fig. 2 ) has been called a three-step approach (27) . This method starts with a biotinylated antitumor antibody; however, rather than using radiolabeled streptavidin or avidin that would have unwanted accretion in normal tissues (28) , the method uses an intermediary injection of avidin to bind to the IgGbiotin in the blood, and because avidin is glycosylated, the complex will be cleared rapidly to the liver. Streptavidin is then given, which can then bind to the tumor-bound IgG-biotin. After a suitable waiting period is given to clear the streptavidin and avidin from the blood, the radiolabeled biotin is given, and because streptavidin is multivalent, a bridge is formed between the tumor-bound IgG-biotin and the radiolabeled biotin vis-à-vis the streptavidin.
A new model being investigated for pretargeting involves the use of complementary oligonucleotides (Fig. 3) . Different types of oligonucleotides have been examined; however, more recently, morpholino oligomers have been used because of their enhanced stability to nucleases (29) . An attractive feature of this model is the potential for multiple binding sites of the radiolabeled morpholino compound to the complementary morpholino strand pretargeted to a tumor by an antibody. This model is in early preclinical testing and has had some promising initial results (29 -32) .
The third model (Fig. 4) is based on the use of a bispecific monoclonal antibody (mAb) as originally proposed by Reardan et al. (12) . One arm of the bispecific mAb is specific for a tumor marker, whereas most often the other arm is against a chelated metal (33 -37). The bispecific mAb has usually been prepared by chemically coupling the FabV of the antitumor mAb to the FabV of the anti-chelate-metal mAb, although bispecific mAb IgG prepared from a quadroma and molecularly engineered bispecific mAb have also been used (36, 38) . Recombinant bispecific mAb are particularly attractive not only from the perspective of ease of production (only one cell line and one product need to be made) but also because their molecular size is approximately half the size as the conventionally used FabV Â FabV chemical conjugates, giving these constructs a distinct pharmacokinetic advantage (38) . In addition, constructs can be prepared with divalent binding capability to the target tumor antigen and still be smaller in size than a FabV Â FabV bispecific mAb (38, 39) . Rossi et al. (39) reported that this type of construct might have an advantage for pretargeting based on its higher uptake in tumors measured at a time when the blood concentration for this construct and a FabV Â FabV bispecific mAb were the same. In preclinical and clinical practice, the bispecific mAb pretargeting methods have been used highly successfully without relying on a clearing step. Instead, a period of 1 to 7 days is given to allow the bispecific mAb to clear naturally from the blood before administering the radiolabeled hapten. two-step 00 streptavidin-biotin pretargeting procedure. An antitumor IgG-streptavidin conjugate is given i.v. to localize to the tumor. After 1to 2 days to allow for maximum tumor accretion, a clearing agent is used to quickly remove the conjugate from the blood, transporting it to the liver to be processed before radiolabeled biotin is given. Although this does not ensure that the radiolabeled hapten is administered when the uptake of the bispecific mAb in the tumor is at its highest level, the %ID/g of the radiolabeled product captured in the tumor by a bispecific mAb pretargeting procedure can also equal the maximum uptake of a directly radiolabeled antibody in a similar manner as a streptavidin-IgG pretargeting procedure (40) . This is because a sufficient amount of bispecific mAb is given to create a molar excess of bispecific mAb in the tumor compared with the amount of peptide that will ultimately become accessible for capture. A commonly held belief for all pretargeting procedures is that the primary targeting agent should be given in exceedingly large doses to maximize the number of surrogate binding sites within the tumor to capture radiolabeled compound. Our experience has shown that the optimum dose level for the bispecific mAb is determined by the moles of the radiolabeled compound given in association with the radioactivity dose; therefore, it need not be an excessive amount (40) . Indeed, Kraeber-Bodere et al. (41) have shown 40 mg/m 2 with a 5-day interval to be optimal for a FabV Â FabV bispecific mAb in patients used in conjunction with an 131 I-labeled hapten. Because another important aspect for all pretargeting procedures is for the radiolabeled compound to the prepared at the highest possible specific activity, it is generally possible to use far less of the primary targeting agent than would be required to saturate the target antigen in most tumors.
Another advantage for pretargeting is that the compounds used in most pretargeting procedures are much more resilient to radiolabeling conditions than antibodies, which can result in an increase in the specific activity of the radiolabeled compound, and may even allow for a wider range of radionuclides to be examined. For example, with the particular peptide-haptens we have used, a specific activity of 1,600 Ci 90 Y/mmol is possible without the need for purification, because >98% of the radionuclide are bound to the 1,4,7,10-tetraazacyclododecane-N,NV ,N 00 ,NV
00
-tetraacetic acid (DOTA)-peptide-hapten (42) . At this specific activity, f1 in every 30 peptide-hapten molecules is radiolabeled. This compares with a specific activity of only f745 Ci/mmol for 90 Y-DOTA-IgG (at 5 mCi 90 Y/mg IgG). With ultrapure, high-specific activity 177 Lu, we have been able to achieve specific activities of f4,000 Ci/mmol, again without the need for purification, with 1 in every 5 peptidehaptens radiolabeled. 4 Most of the anti-chelate-metal antibodies have nanomolar affinities, and in several instances, the metal chelate-binding arm of the bispecific mAb is more avidly bound to the specific chelate-metal complex used to prepare the anti-chelate-metal mAb. This high level of specificity can restrict the utility of a bispecific mAb to only a limited number of chelate-metal complexes. An alternate approach would use an anti-hapten antibody that is directed against a small compound that is not directly responsible for binding the radionuclide. JanevikIvanovska et al. (43) first reported an example of this using an antibody directed against histamine-succinyl glycine (HSG). We have shown that bispecific mAbs prepared with this anti-HSG antibody can be used in conjunction with short peptides that incorporate two HSG moieties (42) . The peptide sequence serves as coupling sites where chelates, such as DOTA (used to 4 Unpublished data. Fig. 2 . Schematic representation of the three-step streptavidin-avidin-biotin pretargeting procedure. A biotin-conjugated antitumor IgG is given i.v. and allowed to localize to the tumor. In the next step, the naturally glycosylated avidin is given, which rapidly clears IgG-biotin from the blood for processing in the liver. Soon after the avidin injection, streptavidin is given. Streptavidin entering the tumor vascular bed will bind to the biotin-conjugated IgG, with the remaining material itself cleared from the body by renal filtration. Finally, radiolabeled biotin is given, and it will bind to the multivalent streptavidin that acts as a bridge between the tumor-bound biotin-IgG and the radiolabeled biotin. In, 90 Y, 177 Lu, and 67 Ga), or even a 99m Tc-binding moiety can be bound, allowing flexibility in the types of radionuclides that can be used with this pretargeting system. The peptide core can also be varied to alter the distribution of the radiolabeled peptide-HSG-hapten so that it is cleared primarily by urinary excretion (42) .
A key component of a bispecific mAb pretargeting system is the valency of the hapten. Le Doussal et al. (35) discovered that divalent haptens are retained better than monovalent haptens, because in this configuration two bispecific mAbs that are typically monovalently bound to the tumor antigen can be cross-linked. This process is called an affinity enhancement system. Others have confirmed the superiority of divalent haptens (36, 44) ; therefore, all peptide-haptens used in pretargeting procedures have since incorporated two haptens for bispecific mAb recognition. There is also evidence that divalency of the bispecific mAb may further enhance uptake and retention of the radiolabeled compound (45) .
Although the high affinity of streptavidin for biotin might lead one to believe that a streptavidin pretargeting procedure would have an advantage for pretargeting compared with the lower affinity of a bispecific mAb pretargeting system, in reality both systems require stable binding to the tumor. Thus, the affinity/avidity of the primary targeting antibody agent to the tumor would likely define the uptake and longevity of binding of the radiolabeled compound. A review of the uptake and normal tissue distribution data reported by the various groups using these different methods suggests that each would likely provide similar uptake and retention of radiolabeled product. Although the slow blood clearance of the streptavidin-IgG or even recombinant single-chain Fvstreptavidin constructs is one reason a clearing agent is used with this procedure, it is also likely that the ultrahigh affinity of streptavidin-avidin for biotin is indispensable, because even a small amount of these agents remaining in the blood would likely result in the binding of a sizable portion of the radiolabeled biotin, whereas the lower affinity of the bispecific mAb system might reduce the prospect that the radiolabeled hapten forms stable complexes with the bispecific mAb in the blood. A disadvantage for procedures using streptavidin is its immunogenicity, which would reduce the possibility for using these procedures on multiple occasions, whereas bispecific antibodies can be fully humanized to reduce their immunogenicity. Regardless of the pretargeting procedure one elects to use, there is considerable experience in the literature, indicating their superiority for targeting radionuclides.
Pretargeting for Improved Imaging
The difficulty caused by the slow clearance of a directly radiolabeled IgG in allowing for clear visualization of tumors was evident in some of the earliest imaging studies (4) . Initial clinical success in cancer imaging came primarily because of the use of computer-aided subtraction techniques that were used to distinguish between radioactivity in a given tissue or region that could be attributed to radioactivity in the blood compared with specific accretion in the tumor (5), but later it was shown that earlier visualization could be achieved with antibody fragments because of their more Fig. 3 . Schematic representation of a pretargeting method that uses complementary oligonucleotides (morpholino compounds) as secondary recognition units. In this system, an oligo-conjugated IgG is given, and after suitable time for tumor localization and blood clearance, a complementary oligo is given, which is followed by the injection of the radiolabeled oligo. (48) . Hepatic uptake of this agent hindered interpretation of possible metastases in the liver, but a 99m Tc-labeled anti -carcinoembryonic antigen (CEA) FabV fragment improved the visualization of tumors in the liver (49) . Currently, [ 18 F]deoxyglucose, with the improved sensitivity afforded by positron emission tomography imaging systems, has become the standard for oncology radionuclide imaging. However, there are several situations where interpretation based on [
18 F]deoxyglucose positron emission tomography can be difficult due to its lack of specificity (50); therefore, the enhanced specificity afforded by an antibody-based imaging method would be important. Recent studies in animals bearing human colon tumor xenografts using a 99m Tc-labeled peptide in conjunction with a recombinant anti-CEA Â anti-HSG bispecific mAb have suggested that pretargeting methods can improve visualization of tumors so substantially compared with a directly radiolabeled F(abV ) that this type of method could produce such superior images that it may be possible to use a standard gamma imaging system (51). Figure 5 shows the comparison of images seen with a pretargeting method versus a 99m Tc-anti-CEA FabV at 1 and 24 hours, illustrating the superior visualization of tumor with the pretargeting method at each time. In fact, dynamic imaging studies (i.e., 2-minute images taken over the first 60 minutes after injection) have shown uptake in the tumor exceeding the heart within 20 minutes and exceeding the kidneys within 40 minutes (51). Tumor uptake of the radiolabeled peptide-hapten in this model can exceed that seen with the 99m Tc-FabV by as much as 20-fold, providing superior signal strength in addition to more rapid and enhanced tumor/nontumor ratios. With the potential for specific delivery of the radiolabeled peptidehapten within 1 hour, pretargeting methods could be adapted for use with many short-lived, positron-emitting radionuclides (52, 53) , providing high sensitivity with greater specificity in situations where ambiguities related to the [ 18 F]deoxyglucose uptake are encountered.
Pretargeting for Improved Therapy
Early studies clearly support the view that pretargeting increased tumor/nontumor ratios compared with direct targeting with a radiolabeled IgG, providing evidence that pretargeting would improve the therapeutic window of targeted radionuclides. However, because the radiolabeled compounds used in pretargeting cleared so rapidly from the blood, even with a larger therapeutic window, would it be possible for pretargeting to deliver a critical amount of radioactivity to the tumor to be therapeutic? Studies with directly radiolabeled antibodies have shown that as the molecular weight of the antibody decreases [e.g., from IgG to F(abV ) 2 to FabV], blood clearance is accelerated and the %ID/g delivered to the tumor decreases (54, 55) . Because the radiolabeled compounds used in pretargeting were more than a log-fold smaller than the smallest antibody fragment tested with much faster clearance Fig. 4 . The bispecific mAb pretargeting method. In the bispecific mAb/peptide-hapten pretargeting approach, a bispecific mAb, which has specificity to both a tumor antigen and the hapten, is given. Because most bispecific mAbs are small in size, after several days they have localized in the tumor and cleared from the blood sufficiently to allow for the radiolabeled hapten-peptide to be administered.
from the blood, it was likely that a substantially lower fraction of the administered radioactivity would be targeted to the tumor. Several of the early studies with bispecific mAb pretargeting reported uptake in the range 3% to 5% ID/g (56), but Axworthy et al. (57) , using a ''two-step'' streptavidinpretargeting method, showed that, when properly adjusted, the uptake of radiolabeled biotin was similar to that of the directly radiolabeled IgG and that this procedure could result in improved therapeutic responses compared with a directly radiolabeled IgG (58). Since then, there have been several other reports where the therapeutic efficacy of pretargeting is superior to direct targeting (59 -63) . We are finding similar experiences using a 90 Y-DOTA-peptide-di-HSG hapten pretargeted by an anti-CEA Â anti-HSG bispecific mAb in a human colonic cancer xenograft model and in non-Hodgkin's lymphoma using chemically conjugated bispecific mAb composed of a humanized anti-CD20 FabV(64) coupled to the murine anti-HSG FabV .
The basis for pretargeting's ability to improve therapy is illustrated in Fig. 6 and Table 1 . Figure 6 compares biodistribution data derived in nude mice bearing 0.4 to 1.0 g GW-39 human colonic tumors that were given 111 In-DOTA anti-CEA IgG (hMN-14) or 111 In-IMP-241, a di-HSG-DOTA peptide used in conjunction with a recombinant anti-CEA Â anti-HSG bispecific mAb. The recombinant bispecific mAb was given in a 10-fold mole excess of the moles of peptide injected, and a period of 24 hours was given before the injection of the 111 In-IMP-241 to allow the bispecific mAb to clear from the blood to <1.0%ID/g. Fig. 6 (top) shows the biological uptake data expressed in %ID/g, whereas Fig. 6 (bottom) shows the effective clearance curves derived from these data. The effective curves are adjusted to show the amount of 90 Y in the tumor, blood, and kidneys in nude mice at activity levels administered in the therapy study shown in Fig. 7 In-peptide-hapten from the tumor was related to the clearance of the bispecific mAb from the tumor (data not shown). Appreciable differences exist between the amount of radiolabeled IgG in the blood for the two procedures, with IgG at >30%ID/g at 3 hours compared with f2% for the radiolabeled peptide-hapten in the pretargeting procedure. Under these conditions, tumor/blood ratios barely exceed 1:1 for the IgG by 24 hours, whereas, in pretargeting, the ratios are f10:1 at 3 hours. The effective clearance curves (bottom) clearly show that when administering equal toxic amounts of radioactivity, more radioactivity can be delivered to the tumor by the pretargeting method than by the directly radiolabeled IgG. Table 1 provides quantitative data from the effective clearance curves in terms of the area under the curve (AUC) and the average ACi/g in the tumor and tissue 99m Tc-anti-CEA F(abV ) (top) or 40 ACi 99m Tc-peptide-di-HSG hapten 48 hours after the administration of a recombinant anti-CEA Â anti-HSG bispecific mAb (bottom). Anesthetized animals were placed face down on a low-energy, high-resolution collimator fitted to an ADAC Solus camera. The same animal in each group was imaged at 1hour (100,000 counts per image) and 24 hours (20-minute images, f12,000-15,000 counts per image) after the 99m Tc injections. over a 72-hour period for each procedure (the former value can be equated to total radiation dose, whereas the latter value can be equated to a radiation dose rate). The tumor AUC in the pretargeted animals is nearly twice the amount seen with the 90 Y-IgG; therefore, a greater total radiation-absorbed dose would be delivered to the tumor. The tumor/blood AUC ratio for pretargeting was 22.6 compared with 1.6 for 90 Y-IgG, also with a substantially lower average amount of radioactivity in the blood. Interestingly, the tumor/kidney ratio for the pretargeting procedure was 6:1 compared with 5:1 for the IgG, but in this case the average amount of radioactivity in the kidneys is f1.5-fold higher than with the 90 Y-IgG because of the higher amount of radioactivity administered.
The average amount of radioactivity (ACi/g) in the tumor and kidneys over the first 3 days would be f1.5 to 3 times higher with the pretargeting procedure compared with the 90 Y-IgG, whereas the average ACi/g to the blood (red marrow) would be f5 times higher with the 90 Y-IgG. The determination of the average radioactivity in the tumor was truncated to 72 hours for all values primarily because 99% of the AUC for the blood in the pretargeted animals was derived over this period of time, with 83% and 91% of the total AUC for the tumor and kidneys, respectively. For the IgG, 70% to 80% of the normal tissue AUC were derived within 72 hours, but only 47% of the total tumor AUC was derived over this time. Although a substantial portion of the total tumor AUC is derived after 72 hours, the average ACi/g tumor is steadily declining. Thus, in this model, the projected radiation dose rate would be substantially lower, but was sustained for a longer period of time in the 90 Y-IgG-treated animals than in the pretargeting setting. Although the specific extent to which a higher dose rate (i.e., average ACi/g over time) would improve therapy is unknown, we suspect that it would have a positive influence on the therapeutic outcome. Table 2 shows tumor uptake data derived from three animals that were used in a therapy study (Fig. 7) . These animals, bearing GW-39 human colonic tumors that average 0.475 cm 3 The average ACi/g was calculated over 72 hours, because there was insufficient radioactivity left in the blood of the pretargeted animals to accurately assess the remaining activity; therefore, all values were truncated at this time. the tumors were read in a dose calibrator. On average, the pretargeting animals contained f3.5-fold more 90 Y than the 90 Y-IgG animals, a finding that is consistent with the amount of radioactivity predicted in the tumors for each procedure by the effective clearance curves shown in Fig. 6 at 24 hours. Tumor growth was monitored in 10 animals for each treatment over a period of 14 weeks. Animals were removed from the study before this time if the tumor progressed to >2.5 cm 3 or became ulcerated, or if they had z20% loss in body weight. Tumors in untreated animals progressed to >2.5 cm 3 within 2 weeks from the onset of the study (data not shown). With respect to the safety of these treatment doses, all but one animal survived the 1.0 mCi pretargeting treatment with an average of f10% loss in body weight recorded 1 week after treatment as well as recovery within the next 2 weeks. One animal was found dead during week 11. This animal had recovered completely from an initial loss of 9% of body weight in first week but, by week 4, began to lose weight again. Before death, the animal's weight was stable for 5 weeks but at a level that was 10% to 13% lower than the starting weight. In the 90 Y-IgG group, two animals had to be removed from study within 4 weeks due to excessive weight loss, indicating the maximum tolerated dose had been exceeded at the 0.25 mCi dose of 90 Y-IgG. Another animal was removed from this group at week 10 because of an unexplained loss in body weight starting in the eighth week. Thus, although the 1.0 mCi pretargeted 90 Y-peptide dose seemed to be safely tolerated from a hematologic toxicity perspective (i.e., all animals survived over a 4-to 6-week period), because the effects of renal toxicity may occur months after treatment, additional studies assessing doses of 0.5 to 1.0 mCi of pretargeted 90 Y-peptide are currently under way to further assess safety over a period of 6 to 9 months. However, because of early deaths in the 90 Y-IgG-treated animals, lower doses must be used in future testing.
Irrespective of the treatment given, nearly all tumors experienced a doubling, or even quadrupling, in their mass over the first 2 to 4 weeks, at which time growth arrest occurred. Two animals had tumor progression or ulceration in the pretargeting group within the first 2 weeks, but at 14 weeks 7 of 10 animals in the pretargeting group had tumors <2.5 cm 3 . One of these seven tumors had evidence of progression starting in week 12 (i.e., 68% increase in tumor size from week 11 to 14), whereas the six others were stable throughout the observation period starting at 2 to 3 weeks after treatment. At the end of the study, only two animals in the 90 Y-IgG group remained with tumors V2.5 cm 3 . Histologic examination of serial 5 Am sections through the masses taken from the 90 Y-IgG group at the end of the study revealed no evidence of disease (cure) in one animal, with the other having 30% (the one showing progression) viable tumor. Histologic examination of the seven tumor masses taken from the pretargeting group revealed that three were completely devoid of viable tumor. Thus, this single pretargeting treatment, which was safely tolerated in all animals, resulted in a 30% cure rate of substantially sized colonic tumors. Two of the other four tumors had only a single microscopic focus of viable cells, and the other two (A and B) , respectively. The survival curves generated from these data using the time to progression to 2.5 cm 3 as the end point are shown in (C). Body weights and tumor size were measured weekly over a period of 14 weeks. Tumors in untreated animals of similar starting size progressed to >2.5 cm 3 within 2 to 3 weeks of the initiation of this study (data not shown). One animal in each group was removed because of a skin ulceration overlying the tumor. In the pretargeting group, this occurred 3 weeks after treatment in an animal with a starting tumor of 0.58 cm 3 that grew within 1week to 1.7 cm tumors were composed of f30% to 70% (the latter one having evidence of progression) viable tumor cells. These preliminary results are highly encouraging and support the superiority of the pretargeting treatment in this human colonic cancer model.
Pretargeting systems have also been tested clinically in solid tumors. Using the same two-step streptavidin pretargeting approach with the NR-LU-10 antibody and 90 Y-biotin as tested preclinically by Axworthy et al. (58) , investigators found excellent targeting of tumor lesions, but unfortunately the specificity of the NR-LU-10 antibody for the gastrointestinal tract also resulted in excellent targeting of this organ, which in turn caused dose-limiting gastrointestinal toxicity in therapy trials (65 -67) . In addition, at the highest doses of 90 Y-biotin tested, renal toxicity was encountered in a few patients, occurring several months after treatment (66, 67) . The potential for renal toxicity could have been predicted from animal studies, which showed pretargeting procedures to be so highly efficient at removing radioactivity from the blood that the total injected activity could be increased substantially compared with a directly radiolabeled IgG. The vast majority of the injected activity is quickly eliminated by urinary excretion (e.g., f80% within a few hours); therefore, the kidneys are exposed to higher levels of radioactivity during this rapid transport process. In our experience, the radiolabeled peptidehapten compounds typically have a maximum of only f3% to 5% ID/g in the kidneys of mice within the first 3 hours, which decreases slowly over time. This uptake is 10 to 20 times lower than that seen with an antibody fragment radiolabeled directly with a radiometal (68) and in many cases is actually lower than that found in the kidneys with a directly radiolabeled IgG (42, 45, 54, 55) . However, because considerably more radioactivity is injected with a pretargeted radionuclide therapeutic procedure than a directly radiolabeled IgG (in our preclinical experience, f4-to 5-fold higher), the total amount of radioactivity passing through and subsequently localizing in the kidneys is higher. Nevertheless, renal excretion of the radiolabeled compound is preferred over hepatobillary/intestinal excretion because of the higher radiation sensitivity of the gastrointestinal tract. Thus, although pretargeting procedures significantly reduce red marrow exposure, there is an increased risk for renal damage; therefore, investigators need to carefully monitor short-term and long-term effects to the kidneys. However, as shown in animals by Subbiah et al. (59) , severe hematologic toxicity does occur in pretargeting, which could result in dose-limiting toxicity. This is not surprising, given the radiosensitivity differences between the bone marrow and kidneys. Subbiah et al. (59) also examined serum biochemistries for evidence of renal toxicity, but this examination only spanned 28 days, a period that is likely too short to detect changes in renal function. Indeed, others have reported renal toxicity by serum chemistries and histologic examination of the kidneys in mice several months after treatment (69, 70) , which is similar to the clinical experience with pretargeting procedures using 90 Y-biotin (66, 67) or even with a 90 Y-labeled peptide (71) .
A phase II trial was done in colorectal cancer using a dose of 110 mCi/m 2 of the 90 Y-biotin (67) . Gastrointestinal-related toxicities were the major side effect, but even at this dose two patients developed significant elevations (grades 3 and 4) of serum creatinine 7 to 8 months after treatment. Grade 4 hematologic toxicities were found in six cases, but most patients only had grade V2. Two of the 25 patients studied on this trial had partial responses lasting 16 weeks, and 4 patients had stable disease for 10 to 20 weeks. Clinical studies using the three-step streptavidin method have not reported similar toxicities, but this most likely reflects the application of this model predominantly in the intracompartmental treatment of brain or ovarian cancers using less radioactivity (72, 73) . Phase I studies using a bispecific mAb pretargeting method and an 131 I-labeled peptide-hapten have been reported in lung, colorectal, and medullary thyroid cancer patients, and interestingly, in all of these trials, dose escalation has been limited by hematologic toxicity (41, 74, 75) . Some responses were observed in these trials, but overall it is has been difficult to show responses in clinical trials of patients with solid tumors that are generally fairly radioresistant. However, a recent examination of patients with medullary thyroid cancer treated with the bispecific mAb pretargeting procedure suggests that, based on a reduction or stabilization of tumor markers and survival, clinical benefit may have occurred in those patients treated previously with a pretargeting procedure (76) . In addition, this group has found evidence, at least in medullary thyroid cancer, that there may be bone marrow involvement that is not appreciated by standard examinations, which could explain the higher level of hematologic toxicity observed in these patients (41, 77) .
Although pretargeting has been equally challenging for the treatment of most solid tumors, there are recent indications suggesting that pretargeting can improve the treatment of nonHodgkin's lymphoma compared with directly radiolabeled IgG. Press et al. (62) have shown improved therapeutic responses with a two-step pretargeting procedure using a streptavidin-anti-CD20 conjugate and 90 Y-biotin compared with the 90 Y-anti-CD20 IgG. We are also exploring the potential for using a bispecific mAb pretargeting approach to improve radioimmunotherapy of non-Hodgkin's lymphoma in animals bearing Ramos tumor xenografts (78) . In the study shown in Fig. 8, 10 BALB/c nude mice bearing 0.57 F 0.11 cm 3 s.c. Ramos human B-cell tumors were given the anti-CD20 (hA20) Â anti-HSG bispecific mAb and 48 hours later received 0.8 mCi 90 Y-DOTA-peptide-hapten. Another group of 10 animals bearing 0.57 F 0.14 cm 3 tumors was given 0.175 mCi 90 Y-DOTA humanized anti-CD20 IgG (same anti-CD20 antibody used to prepare the bispecific mAb). These radioactivity dose levels were believed to represent 80% of the maximum tolerated dose for the pretargeted and directly radiolabeled antibody treatments based on earlier observations in nude mice treated with the anti-CEA bispecific mAb pretargeting procedure and the same 90 Y-DOTA-peptide-hapten or the 90 Y-DOTA-anti-CEA IgG (see above). However, in this study, two animals in the 90 Y-IgG group were removed due to excessive weight loss within 2 and 4 weeks of the onset of treatment. The animal removed at 4 weeks initially showed a good response to the treatment but had evidence of tumor progression when removed from the study. The other animal was removed too early to assess antitumor activity reliably. Two animals were also removed from the pretargeted group due to weight loss, but at 11 and 16 weeks after treatment. Importantly, both of these animals were tumor free at these times. The specific cause of the toxicity in all of these animals was not determined, but these animals were all f4 g smaller than the animals used in previous studies; therefore, it is likely that they were not able to tolerate the same amount of 90 Y-radioactivity used in the earlier studies.
Control animals (data not shown) given either 0.8 mCi 90 Ypeptide-hapten alone or left untreated had tumor progression to >2.5 cm 3 within 2 to 3 weeks. After 24 weeks of observation, only one of the eight surviving animals in the 90 Y-IgG group was tumor free, with the other surviving animals removed between weeks 5 and 7 because of rapidly growing tumors. In contrast, in the pretargeting group, five of eight surviving animals remained tumor-free (cure) at the end of the study, again supporting the improved therapeutic efficacy for a pretargeting procedure compared with a directly radiolabeled antibody (Fig. 8) .
Two pilot clinical studies have been done with the two-step streptavidin pretargeting procedure in patients with nonHodgkin's lymphoma, one using a rituximab-streptavidin conjugate and the other a recombinant anti-CD20-streptavidin fusion protein, with both using 90 Y-biotin as the therapeutic agent (79, 80) . Doses of up to 50 mCi/m 2 were tolerated in the former study in a heavily pretreated patient population (79) . The latter report focused primarily on the pharmacokinetics, targeting, and dosimetry of the system, but a dose of 15 mCi/ m 2 of 90 Y-biotin was given to 14 patients. In this study, the absorbed dose to the tumors averaged 26 F 4 cGy/mCi with a marrow dose of only 0.2 cGy/mCi. Kidney and bladder doses were estimated to be f7.0 cGy/mCi. Although the average radiation-absorbed dose/mCi to the tumor was about half of that reported for 90 Y-ibritumomab (anti-CD20 IgG; ref. 81 ), only 11 of 14 patients given 90 Y-DOTA-biotin at a dose of 15 mCi/m 2 , which is similar to the maximum recommended dose of 0.4 mCi/kg 90 Y-ibritumomab, had gradable hematologic toxicity, suggesting that substantially higher doses of the pretargeted 90 Y-biotin would be possible, with the potential to increase the total radiation-absorbed dose delivered to tumors. In both trials, a substantial fraction of the patients developed an anti-streptavidin response, which would likely limit the treatment to a single course.
Conclusions
The data summarized herein and in the literature support the view that pretargeting should be the preferred method for delivering radionuclides for imaging and therapeutic applications. Pretargeting methods can deliver more radioactivity to tumors than a directly radiolabeled antibody fragment, which improves the signal strength that is important for obtaining high counting statistics and less ambiguous images. Tumor/ nontumor ratios for pretargeting methods are highly favorable for imaging within 1 hour, which would be useful for a wide range of positron-emitting radionuclides, although the excellent uptake and contrast ratios with pretargeting seen with a 99m Tc-peptide-hapten may be sufficient to allow for excellent sensitivity even with standard gamma imaging systems.
For therapy, there are several preclinical models showing the superiority of pretargeting to a directly radiolabeled antibody. Although improvement in radionuclide delivery and therapeutic responses has been observed in preclinical models, it remains to be determined whether pretargeting can bring about objective responses in patients with advanced solid tumors. In addition, there have been several clinical trials exploring the combination of radioimmunotherapy with directly radiolabeled antibodies and chemotherapy, where pretargeting might hold a key advantage over directly radiolabeled antibody, particularly if the chemotherapeutic agent is myelosuppressive. Animal studies have already shown that pretargeting can be effectively combined with chemotherapy to increase antitumor activity (82, 83) . Although solid tumors will remain a challenge, preclinical and initial clinical studies suggest that pretargeting would likely be an advantage for use in non-Hodgkin's lymphoma over the currently approved radiolabeled antibodies.
Although pretargeting procedures have been considered in the past to be somewhat cumbersome, there has been a renewed and encouraging interest in this methodology. Thus, we believe that pretargeting procedures will represent not only the next generation for the specific and increased delivery of radionuclides for cancer imaging and therapy but also may provide improved delivery systems for other contrast agents for magnetic resonance imaging and ultrasound, and perhaps also for drugs in a variety of diseases.
